We propose that the source water for some abyssal undular vortices cored by cool, low-salinity water identified at depths in excess of 2,500 m in the deepwater region of the Eastern Mediterranean Basin may be related to conversion of natural gas hydrate (NGH) in abyssal marine sediments. The conditions for extensive formation of NGH in the gas hydrate stability zones (GHSZ) of the upper seafloor sediments existed in this region during previous glacial episodes when colder water supported a thicker GHSZ. Seafloor warming during the most recent interglacial caused thinning of the GHSZ at its base and has driven endothermic NGH dissociation that would have released large volumes of low-salinity water and gas that would tend to pond below the base GHSZ. Periodically, trapped low-salinity water and gas would be released into the sea through the overlying sediments. Buoyant lowsalinity water masses, supersaturated with gas and locally containing free gas would ascend and introduce a dynamic element into an otherwise generally static environment. As a result of the interaction of the rise of this buoyant plume and Coriolis acceleration the ascending mass would begin to rotate and form a vortex tube in midwater. NGH conversion within the seafloor introduces large coherent masses of low-salinity, lower-temperature water containing a buoyant free gas fraction from near-surface reservoirs into the abyssal depths even where there may only be a weak natural gas petroleum system.
Introduction
An oceanographic survey was conducted in the Ionian abyssal plain region of the Eastern Mediterranean Basin (EMB) as part of site characterizations for a Mediterranean one km 3 Neutrino 'Cosmic Telescope', KM-3Net (Katz, 2006a; Katz & KM3NeT-consortium, 2009; Adrián-Martínez et al., 2014; Adrián-Martínez et al., 2016) . This followed on the success of the ANTARES, NEMO (Piattelli & NEMO-collaboration, 2005; Sapienza & collaboration, 2005; Katz, 2006b; Chierici et al., 2012) and NESTOR projects (Aynutdinov et al., 1995; Feder, 2002) . As part of the offshore site surveys, temperature sensors and current profilers were installed at depths of 2700 and 3050 m above a ~3350 m flat abyssal plain about 130 km SSE of the SE tip of Sicily (Fig.  1) . Current profilers recorded an abyssal current flowing NNW at ~1.9 cm/s at depths exceeding 2,500 m with dipole mesoscale vortices embedded into the flow. Within the current, the profilers measured in-situ background temperature values of ~13.87°C at the upper and ~13.84 °C at the lower depths (Rubino et al., 2012) . The sensors also measured the anomalous intermittent passage of ~0.05 °C colder water within the interior of the mesoscale vortices. Temperature changes of 0.05 °C are comparable with decadal temperature variation (Rhein et al., 2013) . These meso-scale vortices are coherent features spanning over several hundreds of meters vertically and multiple km horizontally. Rubino et al. (2012) conclude that there was not enough data for unambiguous identification of the mechanism that produced the vortices. In particular, remote sources for the fresher cooler water could not be identified but they suggested that local, unspecified, causes could have been responsible.
Rotating water masses such as eddies and vortices exist in the oceans over a wide variety of temporal and spatial scales ranging from features driven by global processes such as basin filling gyres, to locally produced turbulence that includes enigmatic features like wave-tube vortices (BBC, 2009) , and the relatively high density fluids that create strudel scours. Meso-scale (~10 -~100 km) vortices, also termed eddies, may travel great distances in the ocean while retaining their coherence. The core of a vortex can deform and twist in geometrically complex ways while retaining the coherence of the internal water mass.
We propose that a large reservoir of natural gas hydrate (NGH) that once existed in the seafloor sediments are responsible for the emission of large volumes of lowsalinity water from converted NGH deposits through the seafloor into the deep oceans. The existence of the hydrate physical-chemical system provides a potential natural mechanism for the delivery of cooler, less saline, water from the seafloor into otherwise generally quiescent deep water masses. NGH present within the EMB seafloor sediments that formed during the previous glacial episode would have dissociated owing to warming of abyssal Mediterranean waters as part of the interglacial equilibration of temperature in the atmosphereocean system and the underlying sediment (e.g., Ruppel & Kessler, 2016) . Water from converted hydrate is very low-salinity, and even after local mixing with pore water would be considerably less dense and more buoyant than seawater or marine sediment pore water.
NGH conversion provides a mechanism for producing low-salinity water in-situ in a deep saline environment completely cut off from any source of fresh surface water provided by the hydrological cycle (e.g., Post et al., 2013) . NGH conversion, the process of reducing NGH to its constituent water and natural gas, is naturally accomplished by pressure and/or temperature changes so that the NGH is no longer stable (Max et al., 2006; Max & Johnson, 2016) . Conversion of NGH naturally concentrates low-salinity water within sediments that could be released into the water column when buoyancy exceeds hydrostatic and lithostatic retention and thus initiates upwards migration. Once at the seafloor, rising gas and water shape seafloor morphology according to the emission velocity (Roberts et al., 2006) .
Mediterranean Oceanic Natural Gas Hydrate
Mean ambient deep water temperatures and salinity are ~13 ˚C and 38.5 0 / 00 respectively, in the vicinity of the vortices (Rubino et al., 2012) which places the NGH stability field at depths below ~1000 m in the water column (Fig. 2) . This is about twice as deep than in the cooler global open ocean (Max & Johnson, 2016) . Significant NGH deposits also exist beneath the seafloor, and have been identified in the Mediterranean Basin by seismic interpretation and in-situ (De Lange & Brumsack, 1998; Aloisi et al., 2000; Loncke et al., 2004; Pierre & Rouchy, 2004; Dählmann, 2005; Lykousis et al., 2009; Perissoratis et al., 2011; Marinakis et al., 2015) , and in the Nile fan (Praeg et al., 2011) . Global models of NGH thicknesses indicate a 100 -250 m thick gas hydrate stability zone (GHSZ) in the Mediterranean region (Wood & Jung, 2008) (Fig. 3) , which is in agreement with regional models suggesting thicknesses between 200 -500 m (Praeg et al., 2011) . The greatest thicknesses may occur SE of Sicily (Max & Johnson, 2016) .
Fig. 1:
Mediterranean basin with place names discussed in the text (www.geomapapp.org; Ryan et al. (2009) .
Fig. 2:
Generalized phase boundary for methane hydrate in the Mediterranean, redrawn from (Praeg et al., 2011) . Increased salinity moves the phase boundary to the left (You et al., 2015) .
Low Salinity Water Fluxes from Natural Gas Hydrate
NGH is a crystalline material formed from water and hydrate-forming gas molecules. In NGH, the predominant gas is methane, but other gases may be present in small amounts. When NGH crystallizes, gas and water molecules combine in an exothermic reaction in which heat is absorbed by its surroundings while brine is rejected ( Fig. 4 ). The salinity of NGH product water mixing with normal pore water has been used to estimate the amount of NGH that had been present prior to dissociation, as shown by drilling on Blake Ridge, Central U.S.
East Coast continental slope (Paull et al., 1996; Paull et al., 1998; Holbrook, 2001; Paull & Ussler, 2001; Hesse, 2003) . When NGH dissociates in an endothermic reaction, an approximately equal amount of heat per comparable volume of NGH is absorbed from surrounding sediments, as low-salinity water and gas are produced. The product low-salinity water is saturated with gas and free gas that also may remain ponded where it forms in the base GHSZ. Low-salinity water production at virtually all water depths below which NGH is stable is thus possible as an in-situ phenomena. There are potentially large volumes of low-salinity water held in NGH in deep-sea sediments. Most estimates of NGH are for natural gas in place but considerable low-salinity water would also exist wherever there are large amounts of NGH. Comparison with better-known NGH occurrences allows some estimates of the volumes of low-salinity water that may be released during conversion. Estimates for economic gas-in-place present in global NGH deposits within reservoirs are in excess of ~40,000 TCF (Max & Johnson, 2016) . Regionally, NGH deposits in Nankai (JOGMEC, 2013) and Blake Ridge (Dillon & Max, 2001 ) each contain ~40 TCF gas and ~400 BCF low-salinity water, whereas Walker Ridge houses ~750 BCF gas (Boswell et al., 2012) , and thus ~10 BCF low-salinity water.
Blake Ridge is a good analog for the GHSZ in the Mediterranean Sea as both contain poorly differentiated muddy sediments. Within a 30 m contour around the bathymetric high (about 2,600 km 2 ) in Blake Ridge, drilling has provided ground truth for wider estimates of NGH abundance, using seismic analysis, at about 37.7 trillion cubic feet (TCF) of gas with about 20 TCF gas trapped below the existing GHSZ (Dillon & Max, 2001) . In seismic data, stronger amplitude reflection strength in the crest of Blake Ridge (and the apex of the base GHSZ) indicates that gas may have migrated from the flanks toward the apex of the structural ridge-crest trap (e.g., Vogt et al., 1994) . The BSR (Fig. 5 ) is imaged as a seismic event that often cuts across geological strata of fine-grained, poorly bed differentiated strata indicating its relatively younger age.
Although the volumes for gas in place are large in those places where the estimates are based on both drilling and seismic valuation of NGH concentrations, the volume of associated NGH nearby not valued, because it is not regarded as being recoverable, results in conservative estimates of total volumes. Thus, even where NGH volume estimates are being made as part of NGH exploration, both the valued and additional NGH will produce gas and water once converted. Where large amounts of essentially unrecoverable NGH is held in concentrations of less than 10% in muddy reservoirs, such as on the Blake Ridge, conversion would produce low salinity water that has the potential to vent from the seafloor.
Natural Gas Hydrate and the Eastern Mediterranean Basin
NGH is responsive to slight environmental changes. During the Last Glacial Maximum (LGM) the modelled lower limit of a 4˚C decrease in seafloor water temperature resulted in the GHSZ migrating ~300 m up slope from its present day position and increasing in thickness by ~25% (Praeg et al., 2011) . Since the LGM, seafloor warming has caused destabilization of NGH, and ponding of low-salinity water and natural gas, at the base GHSZ.
When sea level rises, as it has since the LGM, the pressure at the base of the GHSZ increases and tends to make NGH more stable, but increasing temperature overwhelms this and produces thinning of the GHSZ. Present day sea level is ~130 -140 m above the LGM levels (Fairbanks, 1989; Clark & Tarasov, 2014; Lambeck et al., 2014) . This introduces pressure changes on the order of 10 -15 atmospheres in subjacent marine sediments that may be important in relatively shallow water depths (e.g., Riboulot et al., 2014) but would less affect sediments at depths 3 -4 km below sea level in the Mediterranean Sea. The observation that mud volcanoes are more active during falls in sea level by Xing & Spiess (2015) is likely a function of increased permeability in the carrier systems and migration routes (Römer et al., 2016) rather than significant pressure-driven changes in GHSZ thickness. Despite sea level rise present day changes in ocean temperature are driving GHSZ thinning (Mienert et al., 2005) .
Temperature changes through time follow glacial cycles; albeit with a lag time for NGH response that is mainly governed by the rate at which temperature changes propagate to the base GHSZ in deepwater. In near-surface sediments heat propagates downwards into the sediment pile at a rate of ~11 W/m/K (Della Vedova et al., 2003) , although large areas of salt produced during the Mediterranean Salinity Crisis complicate the heat flow framework owing to their high thermal conductivity. The gradual diffusion of heat through the sediment pile and the GHSZ acts as a low-pass filter to attenuate high frequency changes in seafloor temperature before they reach the base GHSZ, where they alter the NGH volume. Even so, due to the relatively large impact of a 1 -4 ˚C change on hydrate at equilibrium at ~25 ˚C, seasonal (Berndt et al., 2014) , decadal (Dean et al., 2015) , and glacial cycles in NGH volume have been recognized.
Dynamics of Plume Propelled Vortex Tubes

Buoyant Fluid and Bubble Stream
Our new paradigm model for vent cored deep vortices that have not previously been related to the action of an NGH system is also based on a knowledge base of calculable effects. Multiphase buoyant plumes may ascend to different depths in the water column. The dominant controls are the momentum, buoyancy, and volume of emissions. In those instances in which gas and water migrate along a fault or other initiator (Fig. 4) , the water plume can be expected to rise more rapidly. The gas and water will tend to separate and the gas will also dissolve when undersaturated seawater is available. Transport of gas through the GHSZ takes place commonly and is possibly in part the result of formation of NGH lining in fractures and vents. Because there appears to be so much venting of gas from seafloor at water depths well within the field of NGH stability, passage of gas is probably volumetrically larger than natural gas that becomes sequestered by the formation of NGH. Migration of gas in NGH will depend on the relative speed of the gas ascent and the rate of NGH formation; large volumes of free gas may then reach the seafloor (Max et al., 2006) .
The passage of these buoyant fluids in the water column is only beginning to be studied in detail so a clear link between vents and passage of material in the water column is not well understood. We document some of the relevant fluid mechanics parameters that can be used to quantitatively describe their ascent so that modeling of the relationship may be tested. The density of NGH-derived low-salinity water is lower than seawater because of its reduced salinity, dissolved natural gas, and microbubbles of natural gas that can be expected to form from ascending gas-saturated water. Columns of venting water/gas rise due to their buoyancy and momentum. Once vent water clears the seafloor, turbulence and drag decrease and the water column has the potential to remain coherent, with a sheath of essentially lamellar flow along its margins. Primarily, the buoyancy (B) flux that drives the rise of plumes in the water column can be described (Goodman et al., 2004) as:
Where g, standard gravity 9.8 m/s 2 ; δρ, density difference of plume fluid and seawater; ρ a , density of seawater; Q, volumetric flow rate (m 3 /sec).
In deep water at the seafloor, free gas volume would be relatively smaller than in shallower water for any particular volume of approximately equally saturated water. This means that at greater depths weaker buoyancy would result in increased potential for separation and fractionation of the dispersed and continuous phases where cross currents exist (Socolofsky & Adams, 2002) . Provided that volume fluxes could be estimated or calculated accurately enough, the density of different fluids would be the most complex parameter to determine. Temperature (T), pressure (P), and the contraction coefficients for absolute salinity (S A ), dissolved CH 4 and CO 2 and gas volume per water volume (V g ) are all variables in the calculation of water densities involved in formation of plumes in the water column (adapted from Schmid et al., 2004; Linke et al., 2010) :
Where V, volume, V g , volume gas per volume water, β t , contraction coefficient of seawater, S A , the absolute salinity can be defined McDougall et al. (2010) . CO 2 increases the density of water as it has a positive contrachttp://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 03/12/2018 18:39:21 | tion coefficient (βCO 2 = 0.24) whereas dissolved CH 4 has a negative contraction coefficient (βCH 4 = -1.25); greater volumes of dissolved methane in a plume would result in greater plume buoyancy and even small density contrasts can drive ascension.
Drag Zone between Vortex and Seawater
Where specific circumstances exist ascending-buoyant fluid forms vortices. The outer contour of the vortex stream can be represented by lines of rotational flow at the boundary between the outer tightly wound spiral layer of the vortex and the unrolled-up seawater (Saffman, 1992) . This outermost layer of the vortex forms a tubeshape drag zone where seawater is slowly entrained into the ascending stream. The result of these forces is that the water movement and vertical drag produce localized rotational momentum.
Drag at the edge of the plume is responsible for mixing inward from the margin of the plume via the entrainment coefficient α e , a constant proportional to the velocity at a particular elevation (Carazzo et al., 2008) :
Where Ri is the Richardson number and C = shear stress, parameters A and B depend on flow properties, and specifically describe the shapes of velocity, buoyancy, and turbulent shear stress profiles while in the upper plume R = radius and U = velocity (Carazzo et al., 2008) .
Where: λ, ratio buoyancy: velocity profiles; j, turbulent shear stress; r* = r / b m ; b m , radius scale.
As the plume ascends, fluid with a reduced saturation of the molecular gas species would be slowly incorporated into the vortex tube. Without mixing with surrounding water, NGH-shelled bubbles have extended lifetimes due to their lower dissolution rates (Rehder et al., 2002) . Because the drag zone effectively separates dissolved gas-rich core water from the surrounding ambient seawater, mixing of reduced saturation seawater into the vortex core waters is unlikely to result in dissolution of NGH (Rehder et al., 2004) . NGH within the core vortex waters would be largely bubble shells and fragmental shell masses, especially where the dissolved natural gas is close to saturation.
Vortex Tube Propellant
Plume rotation can be initiated by the interaction of Coriolis forces where they are large enough to overcome inertia and impart motion. Coriolis force associated with longer lasting emissions has the potential to produce higher speed and broader rotational elements.
The ratio of inertial to Coriolis forces is described by the Rossby number:
The Rossby number can be expressed as:
Where: U, flow velocity; L, length scale; f, Coriolis parameter:
Where: Ω, angular velocity of planetary rotation; φ, latitude.
When R o is ~1 both inertial and Coriolis forces are important. When R o is greater than 1 inertial force dominates and when it is less than 1 Coriolis dominates. Expressed another way, rotation is more likely where vent orifices are larger and flow velocity smaller. A plume similar to that observed by Rubino et al. (2012) with an average velocity value U ~10 cm/s, diameter of emissions L ~1.5 km, and f ~2π/24/hr. has an R o value of ~0.9. This means that Coriolis force is likely to be dominant and also predicts that ascending fluids would rotate.
Based on laboratory experiments of plume height, Bush & Woods (1999) show that water depth is an important variable in plume rotation. When water depth is greater than ten times the height of the rotating plume Wd > 10H, the ascent phase of the plume would tend to include rotation. However, if Wd < 10H, the plume ascent would not feature rotation. Although, vortices are not predicted to form in shallow water, where the plumes are initially constrained by physical barriers such as a crater or fault walls in the seafloor; vectoring of water direction can result in a wandering, spiral, or transient morphology (Pfleger et al., 1999) . In this case, rotation is related to asymmetrical or steering injection, characterized by a decrease in rotational momentum and increased mixing away from the vent orifice.
In deep water the timescales for plume ascent and the inertial period are similar (hours). If the ascent time of a plume is similar to the rotation period then fluid in the plume would rotate and begin to form a vortex tube. At an average ascent velocity of 10 cm/s, an entrained particle would ascend at ~360 m/hour. This means that in water depths deeper than ~1000 m the timescale of ascent is similar to that of the rotation period: t α = t Ω .
Formation of Vortex Dipoles
The creation of line plumes (Bush & Woods, 1999) can be theoretically modeled in both Eulerian and Langrangian terms. In the case of an Eulerian system, a current moves over a stationary point source with intermittent ebullition. In contrast, in a Langrangian system, a line-source plume is emitted along a line source into a unidirectional fluid that is essentially stationary at the time of the emissions. In both cases and considering that the release of emissions is not continuous, the number of vortices to form would be (Bush & Woods, 1999) :
Where t s , source time; C 1 is a constant equal to 0.65 ± 0.1.
Anticyclone -cyclone -anticyclone chains can be created by either continuous emissions that create anticyclonic vortices that spin up concomitant cyclonic vortices or when width/Rossby radius of rotational deformation is greater than 1 (W / R > 1), (Griffiths et al., 1982) .
Vortex Tube Spin Down
Plumes eventually spin-down over a timescale controlled by physical parameters (Hedstrom & Armi, 1988; Bush & Woods, 1999) , where h, half-height of a plume, ν, viscosity:
Spin-down describes the rate at which momentum will be lost such that an oceanic vortex with a radius of ~5 km could travel ~600 km through the Mediterranean over the course of a year at a current transport rate of 1.9 cm/s (Bush & Woods, 1999) . This timescale is similar to Mediterranean eddies (Rubino et al., 2012) .
Axialized Plumes in Vortex Tubes
Acoustic images of ascending gas and fluids in the water column show that they tend to form tight axial columns instead of spreading out as they rise. We suggest that where venting is sufficiently persistent and focused, the buoyant stream rotary motion can affect concentration of more buoyant elements within the plume. Fluid motion aligned with the rotation axis and driven by buoyancy of the fluid, gas, fragmental NGH mass, and Coriolis acceleration create centripetal forces that would cause buoyant matter to move toward the core of the stream. The core region would then be a multiphase mixture of: 1) low temperature, low-salinity, water and dissolved gas, 2) gas bubbles, 3) bubble shells, and 4) fragmental NGH, all of which have a lower density than the sur-rounding water (Fig. 6) . The density differences would drive a centripetal force that causes the plume to be more coherent and increase the buoyant force by concentrating and isolating buoyant phases towards the core. Rotation of the plume would tend to create vortex stability and prevent breakup.
The drag zone that separates the vortex tube from the surrounding seawater exerts a bounding force on the tube and assists in maintaining its shape. Undirected hydrostatic pressures decrease during bubble ascent resulting in gas exsolution and bubble expansion and fragmentation, which in turn results in increased buoyancy, possible expansion of the bubble plume, and changes in the interfacial tension of hydrate-shelled bubbles. Vortex tube generation could explain the consistent relatively slender morphologies associated with plumes seen in multibeam data (Solomon et al., 2009; Colbo et al., 2014; Skarke et al., 2014; Smith et al., 2014; Tudino et al., 2014; Weber et al., 2014; Garcia-Pineda et al., 2015; Wilson et al., 2015) and recent observations indicate that vertical rise of buoyant plumes may be augmented by spiral flow geometries (von Deimling et al., 2015) . Because the reflection and scattering from a bubble plume is a bulk effect, rotation has not been observed in seismic reflection data. In many cases the plumes can be seen to change direction for a short duration of their ascent only to return to their http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 03/12/2018 18:39:21 | original trajectory after a short time, which is attributed to bending of the vortex tube by currents in a stratified ocean.
Discussion and Conceptual Model
We propose that a direct relationship may exist between the formation of low salinity water and gas at relatively shallow sediment depths, its potential for mass venting, and the consequent formation of water-cored large-scale deepwater vortices. Due to its low latitude, relatively small size, and isolation from the Atlantic cold deep water, the Mediterranean Sea is a natural laboratory for observing the effects of temperature variation from glacial to interglacial conditions on the GHSZ. Like the Arctic Ocean, due to its particular geography and location, the effects of ocean temperature changes since the last glacial period (e.g., Bindoff et al., 2007) have a greater impact than elsewhere (Biastoch et al., 2011) and allow further analysis of the effects of climate forcing of NGH (e.g., Archer, 2007; Kretschmer et al., 2015) . Temperature changes typically induce heterogeneous changes in the Mediterranean Sea, but in recent years ecological responses have been at the basin-scale (Rivetti et al., 2014) indicating an increase in the rate of change and making the Mediterranean Sea a possible model for the GHSZ in open ocean conditions under the high-end IPCC representative concentration pathway scenarios (Pachauri & Reisinger, 2007; Pachauri et al., 2014) .
During the LGM, the GHSZ was over ~500 m thick in the vicinity of the vortices reported by Rubino et al. (2012) whereas the present GHSZ is only ~200 to 300 m thick (Praeg et al., 2011) . As it can be expected that most of the NGH will be in the lower third of the GHSZ, large volumes of NGH have been, and probably continue to be, converted to constituent gas and water. Dissociation of NGH in marine sediments introduces active dynamic forces and potential for a refrigeration effect into deep marine environments that are traditionally characterized as passive, potentially also opening some sedimentary deformation in the geological record to reinterpretation (e.g., Max & Johnson, 2012; Robinson et al., 2015) . Praeg et al. (2011) suggest that the faulting and sediment mass flows in the 700 -1000 m depth interval of the was a result of massive NGH conversion owing to Mediterranean Sea warming that they regard as largely completed by about 10,000 BP. It is not possible to know what percentage or amount of NGH was converted during the early or subsequent thinning of the GHSZ, but we can postulate that significant amounts of low-salinity water and free gas were produced as a result of NGH dissociation (Max et al., 2006) and that considerable amounts of low salinity water may still be held within the sediment. Although more quantitative estimates for NGH products, such as those conducted in Svalbard and the Cascadia margin (Berndt et al., 2014; Hautala et al., 2014) , remain to be carried out for the Mediterranean (Max & Johnson, 2016) , conversion of a large amount of NGH into lowsalinity water and gas is highly likely.
Accumulation of low-salinity water and gas at the base GHSZ creates a positively buoyant pond of pore water that will exert upward pressure against the retention capacity of the suprajacent host sediments, whose permeability is reduced due to NGH replacement of pore water. Within a GHSZ in a sediment ridge, gas may become concentrated in pseudo-anticlinal forms at the base GHSZ (Vogt et al., 1994) . The degree of NGH displacement of pore water decreases with depth (Max & Dillon, 1998) . Because gas overpressures can be significant if NGH conversion exceeds pressure re-equilibration by groundwater displacement, a strong dynamic force in the subsurface marine sediments could be generated where only quiescent, gently dewatering sediments might otherwise be expected. In order to generate a coherently flowing multiphase mass, a large volume of gas-saturated low salinity water would have to be released into deep water over a relatively short period of time.
Fluids and gases that are produced at an unstable base of a GHSZ would tend be at the local ambient temperature if rising temperature were the cause of conversion. Water rising through the GHSZ could be cooled by direct heat exchange as it rose toward the seafloor. The longer the multiphase fluid takes to rise to the seafloor, the closer to the temperature of the seafloor water would be attained. In contrast, if pressure drop were the cause of conversion, potential for substantial cooling would exist. Because free gas in the fluidized mass would expand as it rises, some cooling could also be expected owing to the action of Charles' Law governing volume / temperature / pressure. Depending on the cause of conversion, the rate of ascent, and the ratio of gas to low-salinity water in the seafloor vent, water released from the seafloor could be at a lower temperature than seafloor water.\ As the gas saturated waters rise free gas bubbles form and the formation and morphology of hydrate shells is controlled by midwater thermo-hydrodynamics (Warzinski et al., 2014; Levine et al., 2015) . As bubbles ascend a balance exists between the gains made by reduced diffusion and dissolution by the presence of NGH shells on bubbles versus their relatively longer and more complex ascent during the transport process of gas through the water column (Li & Huang, 2016) . NGH bubble shells may dissolve prior to reaching the top GHS if they encounter sufficiently undersaturated seawater within the vortex (Chen et al., 2013; Warzinski et al., 2014; Levine et al., 2015) .
During buoyant rise, free gas would continue to exsolve from the supersaturated low-salinity water. A theoretical maximum based on calculation of the percent methane volume / water volume yields a ratio of 1:9.6, meaning that based on approximate value for a 100 m 3 volume of Mediterranean seawater ascending from 3000 m to surface waters, exsolution of methane would provide a gas volume of approximately 960 m 3 (Yamamoto et al., 1976; Wang et al., 2010) . Because vaporization is about 18 kJ/mol (Max & Johnson, 2011) , the effects would be felt within the water mass as a whole, and the low-salinity water would be cooled further prior to separation of the more buoyant gas from the water. A 100 m 3 volume of deep water contains ~700 kg (1.7 m 3 ) methane that requires ~800 kJ energy for the molar heat of vaporization, which is equivalent to a drop in temperature of ~2 ˚C for exsolution of all the methane from the 100 m 3 volume. Formation of a gas phase from the supersaturated low-salinity water would persist during the ascent of the plume. As pressure decreased with decreasing water depth, the low-salinity water in the plume would continue to effuse gas and to cool, even if gas bubbles were too small to be visible or to dramatically affect seismic response. At the same time, Charles' Law effect chilling would also persist. Because of the difference in buoyancy, and unless the plume is in a 'fluidized' state in which water and gas are so intermixed by turbulence that separation of water and gas is inhibited, free gas would tend to separate from the cooling low-salinity water.
Although the gas effect in a water plume could also drive plume buoyancy and cooling, if the water from a vent has a lower salinity than would be anticipated from normal pore water deposited in deep marine conditions, then we suggest that the water would likely have been produced, at least in part, from NGH dissociation. This episodic, overpressure-generated NGH mechanism for generating buoyant plumes at any water depth below which NGH is stable in the Mediterranean Basin would provide a local source of cooler low-salinity water for vortex cores. The same effect may be found in other seas and oceans. Low-salinity water derived from NGH may also be a mechanism for enhanced fluid flow that sustains benthic communities (Mayer et al., 1988; Ryan, 2009; Carey et al., 2014) , and bubble-mediated transport within plumes that provides a mechanism for deep sea communities to reach and interact with pelagic communities (Schmale et al., 2015) . Monitoring and sampling of deep-sea fluid and gas emission sites should resolve our model for a dynamic source for deep-water mixing.
Rotary circulation within a gas plume would be best characterized by chemical, temperature, optical, and acoustic observations recorded through shipboard, ROV, and AUV platforms in the water column adjacent to, and within, plumes. It is suggested that carefully located deep ADCP may be able to resolve a rotation within a plume and could be used to test our suggestion that maintenance of the tight axial shape of the plumes is at least partially due to the formation of a vortex tube. Multibeam sonar data may also be useful for determining some of the plume internal structure and rotation (e.g., von Deimling et al., 2015; Wilson et al., 2015) . Instrumentation specifi-cally set up for volumetric water mass assessment, or a number of AUVs having very sensitive internal navigation would be needed to identify plume morphology and rotation.
Conclusions
We propose that the anomalously cold water cores of deep ocean vortices of Rubino et al. (2012) are related to large releases of low-salinity, low-temperature, water produced as a result of the dissociation of NGH in near-surface sediments. Deriving low-salinity water from relatively shallow depths below the deep seafloor is a simpler explanation than by somehow bringing low density near-surface water to abyssal depths from great distances, a process that has not been observed during a century of oceanography in the region.
Deepwater NGH formation provides a long-term mechanism for sequestering large volumes of low-salinity water in crystalline NGH over an extensive period of time. Dissociation at the base of the GHSZ as the seafloor warms (e.g., during the onset of interglacial conditions) would produce low-salinity water along with hydrateforming gas that would pond at the base GHSZ. Even without very buoyant gas as a driver, the water masses low-salinity increases its buoyancy, especially if saturated with methane and free gas. When the low-salinity water mass is released into the sea, it would tend to rise as a mass, creating turbulence at its contacts with the more saline seawater. During ascent the ponded water moving up through the GHSZ and into seawater cools by direct heat exchange. The vent water supersaturated with gas rising with free gas cools in midwater by expansion and vaporization. The cooling processes have the potential to produce vent water plugs that are cooler than the ambient seawater. The buoyancy of the chilled plume drives its ascent, and the consequent stabilization of their form by rotation is a result of forces generated by buoyant rise and Coriolis acceleration. The creation of vortex tubes around buoyant plumes in the water column could explain the characteristic morphologies of some acoustic flares seen in multibeam images. Colder-water cores of deep-ocean vortices (e.g., Rubino et al., 2012) could be formed by emissions of low-salinity and temperature water vented from the seafloor.
NGH is formed and converted by a highly reversible chemical reaction and is very responsive to changes in the thermal and pressure state of its surroundings. This conversion process in the abandoned lower GHSZ may still be active if warming is still active. If the Mediterranean seafloor warms further, for instance owing to warming of deep Mediterranean waters, the base of the GHSZ could be expected to further shallow, converting more NGH to low-salinity water and gas. Periodic release of the lowsalinity water from sediments in the Eastern Mediterra-nean Basin immediately to the SE of Sicily could be the source of the low-salinity water cores of recently recognized deep-sea oceanographic current vortices.
